Juxtaglomerular cells are highly specialized myoepithelioid granulated cells located in the glomerular afferent arterioles. These cells synthesize and release renin, which distinguishes them from other cells. How these cells maintain their identity, restricted localization, and fate is unknown and is fundamental to the control of BP and homeostasis of fluid and electrolytes. Because microRNAs may control cell fate via temporal and spatial gene regulation, we generated mice with a conditional deletion of Dicer, the RNase III endonuclease that produces mature microRNAs in cells of the renin lineage. Deletion of Dicer severely reduced the number of juxtaglomerular cells, decreased expression of the renin genes (Ren1 and Ren2), lowered plasma renin concentration, and decreased BP. As a consequence of the disappearance of renin-producing cells, the kidneys developed striking vascular abnormalities and prominent striped fibrosis. We conclude that microRNAs maintain the renin-producing juxtaglomerular cells and the morphologic integrity and function of the kidney.
In adult mammals, juxtaglomerular (JG) cells synthesize, store, and release renin, the key regulatory enzyme for the control of BP and fluid electrolyte homeostasis. JG cells are strategically located in the wall of the afferent arterioles at the entrance to the glomerulus to respond to signals from adjacent structures; however, in early embryonic development, renin cells are broadly distributed along intrarenal arteries, in the glomerular mesangium, and in a few developing tubules. With maturation, the cells become progressively restricted to the classical adult JG localization. Lineage studies showed that this progressive restriction is achieved by differentiation of renin cells into other cell types such as vascular smooth muscle, mesangial, and a subset of tubular cells. 1 Understanding how these cells acquire and maintain their phenotype is of fundamental biologic importance; however, the mechanisms that maintain the identity of the renin-synthesizing cell have not been fully identified.
Endogenous microRNAs (miRs) are a group of small noncoding RNAs that are 18 to 22 nucleotides in length and exhibit temporal and spatial (tissue/ cell) specificity, suggesting their involvement in tissue morphogenesis, developmental timing, and cell differentiation. [2] [3] [4] [5] [6] The generation of miRs is a complex, multistep process that involves the sequential cleavage of a primary miR (pri-miR)-approximately 100 to 1000 nucleotides in length-by two protein complexes involving RNase III endonucleases: Drosha-DGCR8 in the nucleus and Dicer in the cytoplasm. It has been suggested that miRs mediate gene regulation by a number of posttranscriptional events: degradation of target mRNAs, translational repression, and deadenylation accompanied by mRNA decay. [2] [3] [4] 7 Recently, an effect on chromatin remodeling was also described. 8 Because Dicer-null embryos die in utero at embryonic day 7.5, revealing the crucial role of this enzyme and therefore miRs in early development, 9 conditional deletion of Dicer has proved to be of great value to demonstrate a requirement for miRs in the development and/or function of several tissues and organs. 4,10 -12 Within the kidney, Dicer was recently deleted in podocytes, resulting in normal development of podocytes but glomerular disease in adult life. [13] [14] [15] Those experiments highlight the importance of miRs in tissue development and/or function. The requirement for miRs for the specification and maintenance of cell identity seems to vary among different cell types. 16 For instance, conditional deletion studies of Dicer in skeletal muscle indicated that miRs are required for normal embryonic development, 17 whereas, in podocytes, the embryonic development is not affected but miRs are crucial for the maintenance of the filtration barrier in adult life. [13] [14] [15] Conversely, in renal proximal tubular cells, Dicer deficiency does not affect tubular morphology and seems to be protective against ischemic renal injury. 18 The role of miRs in the maintenance of JG cells has not been explored. To address this question, we generated mice with a conditional deletion of Dicer specifically and exclusively in renin-expressing cells (by expression of a knock-in allele of crerecombinase inserted in the Ren1 locus), resulting in selective ablation of miR generation only in renin cells and their descendants. Deletion of Dicer resulted in severe reduction in the number of JG cells accompanied by decreased expression of the Ren1 and Ren2 genes, decreased plasma renin concentration (PRC), decreased BP, abnormal renal function, and striking nephrovascular abnormalities including striped corticomedullary fibrosis.
RESULTS
To assess the effectiveness of the deletion of Dicer in renin cells, we performed in situ hybridization for miR-145, which is expressed in vascular smooth muscle cells (SMCs) and in JG cells. miR-145 serves as a marker for the presence of Dicer; its absence confirms loss of Dicer activity. In control mice, miR-145 is expressed in the JG area (JGA) and in arterioles (Figure 1 , A, C, and E). Expression of miR-145 in Dicer conditional knockout (Dicer cKO) mice is completely abolished in JG cells (Figure 1B ) and in SMCs of the afferent arteriole ( Figure 1F ). Because in larger arteries not all of the SMCs originate from renin cells, some do not express cre-recombinase; therefore, in larger arterioles, there is lack of expression of miR-145 in most SMCs, whereas some SMCs unrelated to the renin lineage maintain their expression ( Figure 1D ). Figure 2A shows the distribution of JG cells within the kidney using renin as the only known marker of JG cells. Whereas in control mice JG cells are present in normal number, the kidneys of Dicer cKO mice were practically devoid of JG cells. The percentage of glomeruli containing renin-positive JGAs in control mice was 33.26 Ϯ 4.37%, whereas in Dicer cKO mice, the percentage fell to 1.43 Ϯ 0.35%. In addition, in Dicer cKO mice, the remaining cells within the few renin-positive JGAs were fewer in number, thinner, and smaller than in the controls. As expected, the marked reduction in the number of renin-positive cells was accompanied by a reduction in renin mRNA levels as judged by allele-specific quantitative reverse transcriptase-PCR (qRT-PCR) analysis comparing Dicer cKO and control mice each with one Ren2 and one Ren1 c allele (Dicer cKO and Dicer control 2; Table 1, Figure 2B ). Loss of 
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Dicer caused an 82% reduction in Ren1 and an 89% reduction in Ren2 mRNA. In addition, PRC was reduced by 96% ( Figure 2C ).
Decreased BP in Dicer cKO Mice
Consistent with the decrease in renin mRNA and circulating renin, Dicer cKO mice exhibited a 15-mmHg decrease in systolic BP when measured by tail cuff ( Figure 3A) . We also measured arterial BP using radiotelemetry. Survival of Dicer flox/⌬ ;Ren1 dcre/ϩ mice was compromised by insertion of the radiotelemeter. Consequently, we used Dicer flox/flox ;Ren1 dcre/ϩ mice and predicted a less severe phenotype when two floxed alleles were present. Indeed, histologic analysis suggested that mice with two Dicer floxed alleles had a more modest phenotype than mice with one floxed and one null allele. Nevertheless, Dicer cKO mice exhibited a significant decrease (9 to 10 mmHg) in systolic, diastolic, and mean arterial BP without apparent change in the overall diurnal/nocturnal BP pattern ( Figure 3B ).
Severe Renal Abnormalities in Dicer cKO Mice
Dicer cKO mice were born at the expected Mendelian frequency and survived to adulthood. At 2 to 3 months of age, the body weight and kidney weight were significantly decreased (Supplemental Figure S1 , A and B). In addition, the kidney weighbody weight ratio was significantly decreased, suggesting an even more pronounced effect on kidney than on somatic growth (Supplemental Figure S1C) . Basic blood chemistry measurements showed that Dicer cKO mice had increased blood urea nitrogen and creatinine (Supplemental Figure S1 , D and E).
The marked depletion of JG cells was accompanied also by several renal alterations. The kidney surface was hard and irregular as a result of cortical depressions ( Figure 4) . As evidenced by Masson's trichrome staining, the indentations in the kidney surface corresponded to the shrinkage of multiple corticomedullary bands of scarring containing collagen fibers in the interstitium ( Figure 4 ). The scarred areas were interspersed with areas of less affected tubules and glomeruli, resulting in striped fibrosis. Within these fibrotic areas, arterioles were barely recognizable, tubular structures were missing, and many glomeruli had crescents ( Figure 4 ).
Periodic acid-Schiff (PAS) staining revealed that in addition to the cortical areas of depression, the corticomedullary separation was ill-defined. Within the stripes of fibrosis, there was crowding of sclerotic glomeruli around abnormally formed or missing blood vessels (Supplemental Figure S2) .
Immunostaining for ␣-smooth muscle actin (␣-SMA) showed in the interstitium an increased expression of ␣-SMA (Supplemental Figure S3 ). In the affected areas, there were dilated tubules surrounded by fibrosis and a decrease in the number of vessels. Some vessels showed an increase in the number of cells in the adventitial layer (perivascular fibroplasia), maintaining a thin layer of SMCs. Sclerotic and cystic glomeruli were also surrounded by cells expressing ␣-SMA.
Additional alterations in the kidney included thyroidization of some tubuli with the presence of protein casts within the tubular lumens (Supplemental Figure S4A) , collapsed glomeruli with thickening of the tubular basement membrane (Supplemental Figure S4B ), and glomerulosclerosis with increased periglomerular interstitial cells (Supplemental Figure S4C) . The Bowman's capsule showed an increase in the size and in the number of the epithelial cells, which were in some cases arranged in several cell layers rather than the single layer of cells that is observed in normal animals (Supplemental Figure S4 , D through F). The epithelial cells of Bowman's capsule, proximal tubules, and epithelioid areas surrounded by interstitial cells BASIC RESEARCH www.jasn.org (Supplemental Figure S4 , B through G) had large nuclei and multiple nucleoli and also showed mitotic figures (Supplemental Figure S4G ). There was also flattening of the macula densa (Supplemental Figure S4D) . As assessed by PAS staining and ␣-SMA immunostaining, larger intrarenal arteries were thicker as a result of a marked perivascular fibroplasia (massive enlargement of the adventitial layer) and not as a result of an increase in the arterial smooth muscle layers (Supplemental Figure S4 , H and I).
DISCUSSION
This study shows that the enzyme Dicer, whose primary role is to generate mature miRs, 19 -23 is crucial for the maintenance of the JG cell. The severe reduction in the number of JG cells is accompanied by (1) decreased Ren1 and Ren2 mRNA levels, (2) decreased circulating renin, (3) reduced BP, and (4) severe renal nephrovascular disease and striped fibrosis.
The striking decrease in the number of JG cells in Dicer cKO mice indicates that Dicer and consequently mature miRs are indispensable for the maintenance of the renin cell. Because no obvious cell death (apoptosis or necrosis; data not shown) was associated with the loss of JG cells, we speculate that lack of Dicer resulted in a loss of the JG cell phenotype as evidenced by lack of renin expression and abnormal morphology of the remaining JG cells. It is well accepted that the acquisition and maintenance of a cell's identity is the result of the balanced expression and repression of hundreds of genes. Significant progress has been made regarding some of the pathways that control the acquisition of the identity of the renin cells 24 -27 ; however, the role of potential repressors such as miRs in the maintenance of the JG cell identity has not been previously considered. Given that Dicer processes hundreds of miRs and each one of them has the potential to influence the activity of thousands of other genes, it is likely that the diminished number of JG cells is the consequence of the orchestrated balanced action of the numerous genes that control and maintain this cell's phenotype. The results of this study indicate that miRs regulate crucial mechanisms for the maintenance of the JG cell identity. Additional studies will be necessary to determine the molecular network responsible for this striking effect.
Lack of JG cells was accompanied by decreased renin gene expression and circulating renin with the resultant drop in arterial BP. We previously showed a direct relationship between the number of cells that synthesize renin and the levels of renin mRNA and circulating renin. 28 Thus, we hypothesize that the decreased circulating renin and renin gene expression found in this study are attributable to the significant drop in the number of JG cells.
Deletion of Dicer in cells from the renin lineage resulted also in unique renal abnormalities. The renal abnormalities included a peculiar striped pattern of interstitial fibrosis involving both cortical and medullary regions of the kidney. The fibrotic bands alternated with better preserved areas (skipped zones). Within the fibrotic bands were noticeable alterations in the vasculature ranging from near replacement of the arterioles by interstitial cells within the stripes to distorted arterioles affected by fibroplasia. The mechanisms underlying the vascular alteration are likely multiple. It has been shown that renin cells are precursors for a subset of renal arteriolar SMCs 1 ; therefore, the vascular abnormalities may indicate that lack of mature miRs in arteriolar SMCs, which express renin in early life, may have impaired the normal differentiation and/or maintenance of the renal arteriolar tree. It is important to recognize that the lack of renin per se, which is known to be involved in nephrovascular development, 29, 30 could not account solely for the observed vascular alterations. Indeed, deletion of any of the genes encoding components of the renin-angiotensin system (RAS; renin, angiotensin-converting enzyme, angiotensinogen, and combined deletion of both AT1A and AT1B receptors) [31] [32] [33] [34] [35] [36] have resulted in renal vascular abnormalities strikingly different from the ones described in this study with marked hypertrophy of the SMCs of the arterial tree; however, some of the pathologic findings such as tubulointerstitial fibrosis (in the more affected areas) and medullary atrophy resemble the ones observed in other RAS KO mice and are probably due to the lack of angiotensin II. Moreover, many of the abnormalities observed in Dicer cKO mice are unique and different from the ones found in Ren1 cϪ/Ϫ mice and in all of the other deletions of the RAS components. The Ren1 cϪ/Ϫ mice previously described 33 have different degrees of hydronephrosis not present in the Dicer cKO mice, diffuse interstitial fibrosis (rather than striped fibrosis), glomerulosclerosis, and hypertrophy of the medial layer of the intrarenal arterioles with marked inflammatory perivascular infiltration. In the Dicer cKO mice, the kidney has well-demarcated radial bands of scarring in the territories where the blood vessels traverse the kidney. In addition, the renal vasculature in cKO mice did not show thickening of the arterial smooth muscle layer but instead showed perivascular adventitial fibroplasia. That the arterioles are not hypertrophied (as observed in the Ren1 cϪ/Ϫ and in the deletion of all of the other components of the RAS) suggests that the effect is due either to a decrease in the number of renin cells (and not lack of renin per se) or to abnormal differentiation of SMCs. In fact, we previously described that targeted ablation of renin cells-with diphtheria toxin-although leading to marked alterations in kidney structure similar to the ones described for the deletion of the RAS genes, seemed to protect the arterioles from hypertrophy, supporting the notion that other factors in renin cells may have a hyperplasic effect in SMCs of the renal arterial tree. 37 Further support for this comes from recent studies on SMC development in mice lacking certain miRs. 38 It is likely that a combination of the mechanisms described herein have contributed to the vascular abnormalities that in turn were accompanied with this peculiar striped fibrosis. Although additional studies will be needed to ascertain the mechanisms underlying the arteriolar abnormalities that occur when Dicer is deleted in renin cells, the striped fibrotic pattern of renal injury deserves some comment. This lesion has been described with the prolonged use of immunosuppressants of the calcineurin inhibitor class (tacrolimus and cyclosporine), in hyperuricemia and hyperhomocysteinemia. 39 -41 Whereas the underlying cause in the pathogenesis of cyclosporine and tacrolimus nephropathy seems to be sustained renal vasoconstriction and renal ischemia leading to tubulointerstitial fibrosis, there is also an increase in the number of renin-expressing cells along the afferent arterioles. The increase in renin augments angiotensin II levels that, in turn, stimulate secretion of TGF-␤, thereby contributing to the fibrosis. In the cyclosporine toxicity model, the increase in the number of reninexpressing cells is accompanied by hypertension rather than the lower BP that we observed in our Dicer cKO model. Hyperuricemia also induces activation of the RAS and hypertension, leading to renal fibrosis. Conversely, the striped renal fibrosis observed in hyperhomocysteinemia is not associated with hypertension and/or activation of the RAS; however, it results in arterial and arteriolar wall thickening, leading to hypoperfusion. In the Dicer cKO mouse model described here, the resulting interstitial striped fibrosis is not associated with hypertension, activation of the RAS, or BASIC RESEARCH www.jasn.org thickening of the SMC layers of the arteriolar wall, and it is nonetheless the likely result of abnormal vessel structure and hypotension leading to hypoperfusion, renal ischemia, and subsequent fibrosis ( Figure 5 ). In addition to the alterations in the kidney interstitium and the renal vasculature, deletion of Dicer was associated with glomerular and tubular abnormalities, including cystic or collapsed glomeruli, glomerulosclerosis, hypercellularity of the Bowman's capsule, abnormal glomerular tubular junctions, and proximal tubular atrophy with tubular dilation and cast formation. These findings are not surprising, because renin cells give rise to mesangial cells, epithelial cells of Bowman's capsule, and a subset of proximal tubule cells, and therefore it is reasonable to assume that lack of Dicer in these cells may have led to loss of epithelial and mesangial descendants, resulting in the aforementioned collapsed/cystic glomeruli and atrophic tubuli. The lack of immunostaining for ␣-SMA inside otherwise affected glomeruli supports the notion that a depletion of mesangial cells may have occurred and could also underlie the glomerular pathology.
In summary, the results suggest that Dicer and miRs are crucial for the maintenance of renin cells and the morphologic integrity and function of the kidney. The study reveals a potential new mechanism for the regulation and maintenance of the myoepithelioid renin-producing JG cell identity and opens the inquiry for the identification of miR-gene networks required for specification and/or maintenance of renin cells, vascular morphogenesis, and preservation of renal architecture and function. This mouse model will be valuable for studying the mechanisms of renal fibrosis independent of hypertension and/or activation of the RAS.
CONCISE METHODS
Generation of Dicer cKO mice
To study the role of Dicer in renin-expressing cells, we followed two breeding schemes described in Figure 6 . Ren1 dcre/ϩ mice 1 were first crossed to Dicer ⌬/ϩ mice (generated using ␤-actin cre) to produce c alleles, and control 2 has the same renin alleles as the cKO mice. In addition, Table 1 identifies the renin genes in several other control strains. The normal pattern of renin distribution in the kidney as well as a normal renal morphology is observed in all of the controls generated from the Dicer crosses (this study) and in all of the additional controls listed in Table 1 . 1, 33, 43 Because there was also no significant statistical difference in any of the parameters evaluated among the various controls (controls 1, 2, and 3; Table 1 ) the three groups were combined unless otherwise specified. All procedures were performed following the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Virginia and University of Iowa Animal Care and Use Committee.
In Situ Hybridization
Kidney frozen sections (7 m) were hybridized at 37°C overnight with 40 nM specific digoxigenin-labeled locked nucleic acid probe to mouse miR-145 (Exiqon, Woburn, MA) and washed in 0.2ϫ SSC three times for 30 minutes at 40°C and then one time for 5 minutes at room temperature. The anti-digoxigenin-AP antibody (Roche Diagnostics Corp., Indianapolis, IN) and the BM Purple AP substrate (Roche Diagnostics Corp.) were used following the manufacturer's protocols. 
Histologic Analysis and Immunostaining
Paraffin sections of kidneys were stained with hematoxylin, PAS reagent, and Masson's trichrome and immunostained for renin and ␣-SMA as described previously (see Supplemental Methods sections). 1, 25 RNA Extraction and qRT-PCR Analysis RNA extraction and qRT-PCR analysis were carried out with established methods (see Supplemental Methods section).
Blood Chemistry and PRC
Blood chemistry and determination of PRC (by addition of exogenous substrate) were performed as described previously. 37, 43 Tail-Cuff and Intra-arterial BP Measurements
Mice were trained for tail-cuff measurements for 7 days followed by daily recording for an additional 7 days as we previously reported. For each day's recording, there were 10 unrecorded cuff inflations and 30 recorded inflations. An average of at least 20 successful recordings were used for data analysis. For radiotelemetry, mice were anesthetized with ketamine:xylazine (87.5 mg:12.5 mg/kg) and implanted with radiotelemeter catheters (Model PA-C10; Data Sciences Int.) into the left carotid artery for direct day/night measurement of arterial pressure (AP) and heart rate (HR). Then, the transmitter was placed subcutaneously into the right flank. Ten days were allowed for recovery, and the AP and HR were continuously recorded for 10 days (sampling every 5 minutes with 10-second intervals). The AP and HR group averages were determined by the average from consecutive 10-day recordings of each individual.
Statistical Analysis
Data are expressed as means Ϯ SEM. Statistical significance was determined by t test and ANOVA (to compare all of the various control groups). P Ͻ 0.05 was considered significant. We greatly thank the technical assistance of Kimberly Hilsen-Durette and Debbie Davis for the mouse work and of Gulser Gurocak for the renin concentration assays and the CHRC Molecular Biology Core.
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